Abstract: This review concentrates on the characteristics of wind processes and products in cold lowland deserts. Its main aims are: to show how difficult it can be to separate wind-generated from water-generated processes and features without detailed study of lamination types; to suggest cold aeolian interpretations for some ancient pre-Quaternary rocks; and to encourage students to revisit many ancient deposits with such interpretations in mind. Although upper Quaternary and Recent cold-climate aeolian deposits have been studied for many years there are very few older examples described. Martian features are included since Mars is now one of the most exciting areas of study for geologists.
Winds affect landscapes in all climates, but the fundamental requirements for significant effects are winds strong enough to erode and transport material and the lack of any protective covering to the surface. On Earth, normal and cyclonic winds are usually sufficient, at least annually, to erode and transport sediment anywhere that there is inadequate protective vegetation (Yaping Shao 2000) . Semiarid to extremely arid (hyperarid) conditions affect about one-third of the present Earth's surface and are planet-wide on other bodies in the solar system (Carr 2006) . Extremely arid conditions (with no rainfall for periods of one year or longer) cover only about 4% of the Earth (Goudie 2002 ), but could have extended over much greater areas within supercontinents in the past. On Earth, there are now only three areas that regionally have inadequate vegetation because of dryness: the deserts around the subtropics 308N and 308S of the equator, where air in the equatorial Hadley circulation begins to descend becoming denser and drier; the temperate deserts of Central Asia; and the polar deserts where there is rarely any liquid water (Goudie et al. 2000; Seppala 2003) (Fig. 1) , though locally such areas also occur around alpine glaciers. In pre-Silurian times, the absence of structured plant communities means that wind action would be important everywhere and soil (and all other) processes very different (Dott 2003; Went 2005; Corenblit & Steiger 2009 ). On other planets and moons of the solar system with atmospheres, wind action is much more extensive in the absence of vegetation (Greeley & Iversen 1985) Q1
. On Mars for example, winds are normally too gentle (given the thin atmosphere) to move even dust although when strong winds do occur they can affect the entire planet (Fenton 2003) (Fig. 2) .
Since aeolian processes are most important in deserts, we need to state what we mean by a desert. A simple definition is that deserts are dry areas with extreme temperatures and sparse vegetation that receive less than 200 mm precipitation (rain or snow) annually, although this masks great variations in mean, annual, weekly and daily temperatures. Warm deserts are those where annual surface temperatures are above 0 8C (such as the Sahara). Cool deserts are where annual surface temperatures are below 0 8C (such as Antarctica) and temperate deserts are those with annual changes from cool to warm (such as the central Asian deserts). On these definitions, Mars and Titan are cool (really very cold) deserts and Venus is a warm (really very hot) desert. These climatic definitions create some problems in distinguishing warm, temperate, and cool deserts in the stratigraphic record, as we will see. There is fundamentally no difference between the aeolian process and features in warm and cool deserts, apart from temperature which affects the density and viscosity of air (with a larger effect than that previously recognized, McKenna-Neuman 2004a) and the rate of chemical breakdown of minerals (Honda & Shimizu 1998) .
This review concentrates on the characteristics of wind processes and products in cool lowland deserts and evaluates criteria for distinguishing aeolian features in cool deserts from those in temperate and warm deserts (though the latter depends on mostly non-aeolian features). The main aims are to show how hard it can be to separate windgenerated from water-generated processes and features without detailed study of lamination types; to suggest cool aeolian interpretations for some ancient pre-Quaternary rocks; and to encourage students to revisit many ancient deposits with such interpretations in mind. Although late Quaternary and Recent cool-climate aeolian deposits have been studied for many years (Koster 1988; Koster & Dijkmans 1988; French 2007) ; there are very few older examples described. Martian features are included since Mars is now one of the most exciting areas of study for modern geologists.
Wind production and patterns
Winds in cold climates (apart from those due to altitude) are generated by high pressure over ice caps, which produce anticyclonic circulations and katabatic winds by cyclones Q2
. In katabatic winds, the lower part of the atmosphere cools against the ice cap and the cold air then flows gravitationally downhill and outwards below the warmer air above (Heinemann 1999) . These strong cold winds often warm as they flow over the surrounding landscape or ocean, giving rise to unstable convective conditions that increase surface sand transportation (Frank & Kocurek 2006) , and develop large longitudinal vortexes (visualized as cloud streets) (Scorer 1978) . Such longitudinal vortexes can explain the alignment of many linear dunes with predominantly unidirectional winds. The observed sideways movement of longitudinal vortexes, often brought up as an objection to the hypothesis (Lancaster 1995) , can be easily solved by considering the 'washboard effect' whereby the vortexes bounce, controlled by kinematic waves at the boundary between the atmospheric boundary layer (ABL) and the troposphere (Taberlet et al. 2007) . So far, however, there has not been much interest (except from those studying extraterrestrial examples) in the influence of the varying structures of the ABL under different conditions on sediment transport and deposition.
Particles

Production, composition, grain size
Sedimentary particles in cold climate can be of solid water (ice, snow), rock or minerals. Snow and ice particles are produced by precipitation and recrystallization. These range from small broken dust-sized needle-shaped crystals to coarse rounded recrystallized firn. Rock and mineral particles are produced by weathering and erosion of pre-existing rocks and sediments, and may inherit the character of the supplying material (e.g. platy feldspars from granites and rounded quartz from fluvial sandstones). The composition reflects available source materials, climate and transportation distance. Many sand dunes on Mars are dark because they consist of coarse basalt grains (about 0.5 mm diameter) rather than quartz sand (Carr 2006) . Since chemical breakdown is slower under cold conditions, the initial sediment may be immature in both texture and composition (Smith 2009 ); aeolian sands derived from glacial outwash are more immature and have less rounded grains than warmer climate aeolian sands, where sand is often transported much longer distances with continual reworking in large deserts (Fig. 3) .
Silt and clay may consist of a greater mixture of less weathered grain compositions than in warmer climates. Large amounts of fine sediment may be removed by the wind from glacial outwash and former proglacial lakes, such as mega-Lake Agassiz in Canada, and transported long distances (Fig. 4a) . Although the relative importance of glacial grinding and chemical action in the formation of fine sediment (loess) is still debated (Smith 2009 ), unstable minerals in these loess soils are now breaking down under warmer and more humid conditions to supply abundant inorganic elements needed for plant growth (Fig. 4b) . Quaternary loess deposits form some of the most fertile soils in the northern hemisphere in the great belt from the American midwest though central Europe to the Ukraine and northern China (Pécsi 1991) .
After production, the particles are then modified by wind abrasion and transport.
Transportation and deposition
Wind transports sand as a creeping carpet moved forward by grain impacts and by saltation, whereas Fig. 5a ) (Nickling & McKenna-Neuman 2009) .
Gravel is rarely moved except under exceptional conditions and is often sandblasted to form ventifacts, though gravel megaripples occur in Antarctica and South America (Milana 2009 ). Sand-sized grains impact at smaller sizes in air compared to water (due to the lack of viscosity-cushioning effects). Snow and ice crystals are broken and shattered: rock and quartz grains are broken and rounded faster (and at smaller sizes) and unstable minerals with cleavages are shattered into dust particles that can then be rapidly decomposed chemically. Cold-climate sands are usually more compositionally immature than warm-climate sands (Fig. 3) . Although rippled interdune sands may consist of coarse sand, most interdune sands are bimodal in the sand fraction and have higher silt and clay contents when compared with adjacent dune samples; this is either due to infiltration or protection from erosion by the larger grains (Folk 1968; Warren 1971) . On Earth, sand transport rates may be as much as 70% greater in cold deserts than in warm deserts for equivalent wind speeds (McKennaNeuman 2004b) . Experiments in Antarctica show that threshold wind velocities for sand movement are lower (5.5 m s 21 ) in cold deserts than in warm deserts (6-7.5 m s 21 ), which may explain why the Antarctic dry valleys have high sand flux rates (Lancaster 2002) . Furthermore, ice particles reach a hardness approaching that of feldspar (7) at subzero temperatures and can erode softer rock significantly (Koch & Wegener 1930) .
On Mars, the wind speed needed to move quartz sand in saltation is less than on Earth because of its lesser gravity. This and higher wind speeds causes higher rates of transport on Mars than on Earth (Fig. 5b; Carr 2006) . Both sand and dust may erode underlying materials. In the following two sections, modern cool-climate aeolian erosional and depositional features are described and possible ancient examples are suggested. Allowance has to be made for the very different densities of snow, ice, sand and dust when comparing such features. On Earth, direct evidence of cool conditions such as snow and ice deposits may not survive for geologically long periods. On Mars and elsewhere, however, such conditions (and features) may persist for aeons. Since cool-climate features often require identification of ice-related accompanying structures, it may be confusing where younger processes superimpose features on much older coolclimate materials: for example, modern ventifacts in a temperate climate are now developing on pebbles embedded in eroding Permo-Carboniferous tillites (Wilson & Edwards 2004) .
Erosional features
Erosional features are the result of abrasion by sand-and dust-sized particles (snow, ice rock or mineral) in the wind (Allen 1965; Matsuoka et al. 1998 ). Although we focus on smaller features here, wind erosion is possibly forming angular unconformities in the Antarctic ice sheet as it deforms over subglacial mountains (Welch & Jacobei 2005) Q3 . † Fluted surfaces occur on surfaces hard enough to be polished by sandblasting. They consist of 233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290 scalloped interlocking surfaces with patterns indicating the average direction of sand-moving winds. Fluting is associated with zones of sand transport. It is also found to be associated with zastrugi (see below) and on some bedrock surfaces underlying ancient aeolian sandstones, and is common on Mars (Carr 2006) . † Pans are shallow depressions with smooth rounded outlines and normally develop in finer grained, commonly lake, sediments: water collects in them during warmer periods and they may develop evaporitic crusts as well as crescentic dunes on their downwind margins. Evaporites can develop under cool conditions, as in the Antarctic Dry Valleys, so this is not a diagnostic feature of warm deserts (Doran et al. 2004 ). † Regs (or serirs) are stone lags that form by removal of sand and dust and can form intricately interlocking stone pavements that armour the surface and protect underlying sediment from wind erosion. Many periglacial regs develop on outwash fans and have ventifacts associated with them (Fig. 6 ). † Ventifacts are pebbles facetted by sand-laden winds and may show two or more facets ( Fig. 6b ; Knight 2008) . Like fluted surfaces and 291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348 yardangs (see below), they tend to preserve one predominant wind direction (presumably the strongest). Where well preserved they can be used to determine ancient wind directions, for example on proglacial Quaternary outwash plains (Mackay & Burn 2005; Gillies et al. 2009 ). Pre-Quaternary ventifacts are recorded from many ancient warm deserts, usually reworked into water-laid deposits (Brookfield 2000) . They should also be common in ancient cool desert deposits. † Yardangs are wind-abraded ridges formed of cohesive material such as silts or rock. The classic form is a streamlined teardrop shape (like drumlins) with a steep upwind slope, a gentler downwind slope, and smooth sides running up to a sharp ridge. They vary in size from one to thousands of metres in length and vary greatly in morphology. Yardangs, especially in softer material, can show the average wind direction during their formation as well as the local airflow around them. Their orientation relative to sand streaks (and their orientation on hard and soft materials) may differ, indicating changing wind patterns with time ( Fig. 7a) . PreQuaternary yardangs occur at a (warm desert) Permo-Triassic unconformity in Utah, USA (Tewes & Loope 1992) . † Zastrugi are fundamentally yardangs in snow and ice consisting of wind-parallel grooves or furrows (Fig. 7b) . Since snow and ice particles may cohere, overhanging cornices may develop. † Ridges and swales are large features marking zones of aeolian sand transport. They occur between the large sand seas on Mars and in warm deserts on Earth (Mainguet 1978) . The rapid alternation of climatic conditions and abundant fluvial transport presumably minimizes their development in Quaternary periglacial deserts on Earth.
Depositional features
Modern depositional features consist of all grain sizes from gravel to clay. Gravel deposits are primarily lags (see above) although very strong winds can also pile small pebbles into transverse ridges (or megaripples), as in the Antarctic dry valleys. Sandsized deposits accumulate behind obstacles and in topographic lows to form accumulations of various thicknesses and extent. Silt and clay deposits accumulate in topographic lows and where wind velocities decrease; they form extensive deposits marginal to Quaternary glaciers. Because similar bedforms can form in both air and water (Niño et al. 2002) , the first thing to do is identify aeolian layering; this is easiest for sands.
Aeolian sand laminae
Aeolian sand laminae differ from subaqueous laminae formed in similar ways because of the different characteristics of the fluid, and are of four main types (Hunter 1977) . Planebed lamination is produced by wind velocities too high for ripple formation and is analogous to upper-regime planebed in aqueous deposits. It occurs only in coarse sands and granules and can be used to recognize sand sheet deposits.
Climbing ripple lamination closely resembles aqueous varieties, but the laminae coarsen upwards and the ripple foresets are difficult to recognize because of the low relief of the moving ripples. Hunter (1977) distinguished two main types: rippleform strata occur when the ripple foresets can be identified, whereas translatent strata occur when only the bounding surfaces between migrating ripples are visible. Sets in both types are inversely graded and relatively closely packed (average porosity 39%). Rippleform strata indicate very high rates of sedimentation relative to rates of migration, producing steep angles of climb.
Grainfall lamination is produced by deposition from suspension, typically in the lee of obstacles such as dunes. Grain segregation is relatively poor and laminae often difficult to see. Packing (average porosity 40%) is intermediate between those closely packed traction laminae of planebed and climbing ripples and the loosely packed sandflow strata described below. Distinctive features of grainfall lamination are gradual thinning, or tapering downwind (down a slipface and across an interdune area) and extreme variability of thickness, from less than 1 mm (wind gusts of a few seconds) to 10 cm or more (sustained gusts).
Sandflow lamination (avalanche cross-bedding) is caused by slumping and consequent grainflow down slopes of sand supplied by creep, saltation and grainfall to the brink of slipfaces. Sandflow cross-strata are loosely packed (average porosity 45%), interfinger with grainfall laminae near their base and form lenses parallel to the slipfaces. Examples of all these types are in Hunter (1977) and Brookfield & Silvestre (2010) . Identification of one or more of these lamination types is usually sufficient to distinguish wind from water as the agent of deposition -and should be the first step in any study.
Three other useful features are: adhesion ripple pseudolamination (with the laminae dipping upwind) and crinkly parallel lamination (both form by sand sticking to damp surfaces; Kocurek & Fielder 1982) ; and interbedded ice and snow layers which are diagnostic of at least occasional freezing conditions and melt to form structureless sand layers (Bourke et al. 2009 ). Many of these can be identified in the predominantly aeolian sand sheets deposited between 14 and 12.4 ka in NW Europe south of the Weichselian ice sheets (van Huissteden et al. 2001) (Fig. 8) . The term 'niveo-aeolian', derived from such deposits, refers to mixed deposits of wind-driven snow, sand and any other particles (Cailleux 1972) .
Aeolian bedforms
Aeolian bedforms occur at three scales: ripples, dunes and draas Q4 (Wilson 1972 ). There are interesting and ongoing studies on scaling laws for the varying sizes of bedforms. For example, by using the drag length r s /(r f d) where r s is the grain density, r f is the fluid density and d is the grain diameter, Claudin & Andreotti (2008) show that ripples and dunes from water to various atmospheres plotted linearly on a graph of increasing drag length against increasing ripple wavelength (Fig. 9 ). Experimentation is difficult above ripple sizes, and larger bedforms show such enormous lag effects that we can be sure that they are not adjusted to the current wind regime (Wilson 1972; Allen 1974) . Another problem is that wind-tunnel experiments do not resemble natural flows, since the former are basically pipe-flow while natural flows have a free surface (the top of atmospheric boundary layers). It may sometimes be difficult to determine whether some bedforms are depositional or erosional or a combination of both processes. For example, even large longitudinal dunes in warm deserts often rest on lag deposits and may be very ephemeral features at times (Mainguet & Chemin 1983) . In Antarctica, the large megadunes with wavelength exceeding 5 km seem to result from a combination of erosion and deposition (Fig. 10) .
Wind ripples. Wind ripples are transverse to flow and have wavelength/ripple height ratios much greater than in water (aeolian c. 15; water c. 9). This can help distinguish them on bedding planes, and they may show climbing ripple lamination in section (Sharp 1963) . Measurements from Mars suggest a wavelength/height ratio of c. 6.7, twice as steep as terrestrial wind ripples; the reason for this is not known. They are identifiable on exposed surfaces and as translatent strata in sections (see above).
Dunes. Dunes may be small or large, simple or complex and linear (transverse or longitudinal) or three-dimensional (star dunes). The most important difference between ripples and dunes is that dunes scale with the flow that forms them; in other words, deep flows make large dunes (provided, of course, that there is enough time, space and sand for the dunes to develop fully). The flow depth for aeolian dunes is the height of the atmospheric boundary layer, commonly between 1 and 2 km on Earth and around 5 km on Mars (Scorer 1978 ; 465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522 Carr 2006). Dunes may be classified into barchan, transverse, longitudinal, parabolic and star varieties, with barchanoid for irregular transverse examples (Fig. 11 ). Transverse and longitudinal are commonly grouped together as linear with variation from transverse to the wind through oblique to longitudinal; parabolic seem to require vegetation pinning the arms to form (Lancaster 1995) . Coolclimate dunes on Earth tend to be relatively simple, possibly because of the relatively short geological time in which they are active, and barchan and parabolic dunes seem to be the most common (Koster 1988) . Dunes in Victoria Valley, Antarctica migrated at a significantly lower rate than warm desert dunes because migration is retarded by entrained ice and a reversing wind regime (Bourke et al. 2009 ). The most diagnostic feature of coolclimate dunes are interbedded snow and ice layers, which form structureless sand layers after melting. Without these as well as climate information, the dune shown in Figure 12a could be in a warm desert after a cold night, in a temperate desert in winter or in a cool desert. It is actually from the permanent interbedded sand, ice and snow layers (Fig. 12b) in Antarctica.
Although different types of aeolian laminae occur on different parts of dunes and can be used to recognize their different components, there is a problem in the erosion of all but the basal parts in ancient bedforms. In some cases, however, the basic distribution of laminae types in a complex three-dimensional dune can be recognized even after deflation. For example, Hunter (1977) noted the slipfaces (sandflow cross-strata), the saddles (climbing translatent strata) and the passage between the slipfaces and saddles (grainfall lamination) on a planed-off temperate coastal dune.
Draa. Draa (singular and plural) are large sand bedforms between 20 and 450 m high, characterized by the superimposition of smaller dunes on them. As for dunes they scale with depth of flow and the thickness of the ABL, although the dune -draa relationship is also dependent on the structure of the ABL. Both transverse and longitudinal draa occur with superimposed dunes in modern sand seas, but these draa are in disequilibrium with existing wind regimes since they take hundreds to thousands of years to readjust to changing conditions (Wilson 1972) . 
Internal structures
Identifying the larger primary internal structures of modern dunes and draa is mostly limited to groundpenetrating radar (GPR) studies (Bristow et al. 1996) . Radar has good penetration in dry sand, although it also picks up hydrological boundaries (Van Overmeeren 1998). Together with thermoluminescence dating, GPR can identify different stages in bedform growth and destruction. We cannot be sure, however, that the deeper preservable structures relate to the modern wind regime, so such studies need to be supplemented with computer modelling of the structures produced by the diversity of migrating bedforms (Rubin 1987; Schwammie & Herrmann 2004) .
Large-scale cross-bedding, consisting mostly of sandflow and grainfall strata, is often considered characteristic of large aeolian bedforms. The size of internal cross-bedding, however, is determined by the size of the bedforms that form it and also by the rate of climb of the bedforms. Both aeolian and subaqueous bedforms form similar structures in shelf seas and deep rivers (Rubin & Hunter 1982) . Only the most rapidly climbing aeolian bedforms preserve more than a small part of the lower lee-slopes; bedform climbing needs to be considered before any interpretation can be made of ancient aeolian sandstones (Kocurek 1988) . In topographically complicated areas, dune migration need not be consistent as shown by cross-bedding. In the cold-climate dome-shaped and transverse 581dunes in Antarctica, three dune fields within the same valley experience different wind regimes due to topographic steering of the winds and drag against the valley walls (Bristow et al. 2010a, b) . The internal structures of these dunes resemble those of warm deserts, although the common occurrence of (presumably cryoturbation) sand wedges extending upwards from their bases may be a distinguishing character (Fig. 13) Bounding surfaces separate bundles of strata in all bedforms. Draa can show two main orders of bounding surface, with downwind dipping surfaces caused by dune migration cut by more horizontal first-order surfaces due to migration of the draa (Brookfield 1977; Kocurek 1988) . Reversing dunes also show such second-order bounding surfaces (Fig. 14) .
Interdunes and interdraa
Interdunes and interdraa are an integral part of aeolian bedform systems. In deserts with a limited sand supply, interdunes consist of lag deposits, coarse sand sheets, small isolated dunes and temporary lakes. Because of the way in which the sand is transported through the systems, longitudinal bedforms tend to have coarse lag and coarse sand sheets and dunes in the interdune areas. Transverse bedforms tend to have sabkhas and fine sand dunes between them. The size of the interdune (and interdraa) areas is also dependent on sand supply and on the stage of development of the sand sea in which they occur (Brookfield & Silvestre 2010) .
Sand sheets consist of flat areas of plane-bedded coarse sand usually overlying finer material and are 
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basically lag deposits of coarse sand in the zone of transport and bypassing. Although sand sheets tend to be small, some are very extensive and may have subdued superimposed bedforms. For example, the late Weichselian (14-14 ka) coversands of Western Europe consist of a vast plain of sand between the glacial front and the more southern belt of loess (Kasse 1997) . The only bedforms present are low sand ridges and small dunes of coarse sand (zibar) identifiable in sections by plane bedding and low-angle lamination in coarse sands (Fig. 8) . On Mars, sand sheets cover enormous areas (Carr 2006) . Silt deposits (loess) cover vast areas south of the Quaternary ice sheets, generally south of the coversands. Successive palaeosols indicate interglacials and interstadials, with the silt being deposited primarily during the glacials by katabatic winds although transport and reworking is still taking place (Roe 2009 ). Layered ice-rich silt deposits also form widespread plains in the Arctic and are easily eroded by water (Fig. 15) . Since the unstable minerals decompose over timesignificant chemical weathering is taking place in subarctic loess (Muhs et al. 2008 ) -the silt may be transformed from a porous framework to a muddy silt and eventually a greywacke. Without associated periglacial features such as ice wedges and diagnostic fossils, it is probably impossible to identify cool-climate loess from loess redeposited in arctic, temperate and other lakes, though some examples have been claimed (Soreghan et al. 2008 ) and warm-climate loessite has been recorded (Kessler et al. 2001) . 
Post-depositional features
Post-depositional structures may give important information on environments if carefully evaluated.
Deformed aeolian cross-bedding is often found where there is seasonal melting of ice in coldclimate dunes (Koster 1988) . It also occurs in temperate climate dunes, for example in the Sonoran Desert of Mexico (Fig. 16 ) and in the tropical Jurassic Navajo Sandstone of the western USA (Doe & Dott 1980) , and is thus not diagnostic of cool-climate dunes.
Sinkholes form where snow and ice melt to form large amounts of water which then drain downwards through porous aeolian sands to form depressions and 'chimneys' of disrupted sand. Such sinkholes are common on periglacial aeolian accumulations (Cailleux 1972; Koster & Dijkmans 1988) . Since winter snow layers melt during the summer in temperate (and subartic) climates, deformed layers, layers of structureless sand and sinkholes should be common in ancient cold-climate aeolian sands.
Burrows and traces of various organisms, including animal burrows and tracks and rootlets, may occur at some horizons where they indicate less arid conditions. Hoof-prints of large ice-age herbivores occur in late glacial aeolian sand sheets in Alaska (Lea 1996) .
Soils and palaeosols form between depositional episodes and often under different climatic conditions; for example, the palaeosols interbedded with loess often mark warmer conditions (Fig. 4b) even if only interstadial conditions (Haesaerts et al. 2005) , so they cannot be used without further evaluation as indicators of climate during aeolian deposition. Furthermore, soils have changed with the evolution of land biotas through time, and only post-Miocene palaeosols (with the evolution of grasses) can be compared directly with recent soils. The interpretation of palaeosols requires not only knowledge of modern soils and the processes that form them, but also their changing biological make-up and processes that have evolved through time (Retallack 2001) .
Distinguishing cold from warm aeolian deposits
In order to distinguish between cold and warm Aeolian deposits, we require evidence of temperature that is difficult to obtain. On Earth, direct aeolian evidence of cold conditions is rarely preserved, is limited to snow and ice layers within sediments and may reflect only seasonal or diurnal freezing. The best evidence comes from non-aeolian features in interbedded deposits; for example, pseudomorphs after ikaiite (known as glendonites) in shales (Selleck et al. 2007) or ice-wedge sand casts infiltrated by aeolian sand although even these are disputable (Murton 2003) .
Examples of ancient cool aeolian deposits
Quaternary cool-climate aeolian deposits can often be identified by their distribution around the margins of former ice sheets and their preserved geomorphology. Pre-Quaternary cool-climate aeolian features need to be identified from associated coolclimate glacial, fluvial and lacustrine features; even this can be a problem, however. Older glacial periods probably had the same geologically rapid alternation of glacial and interglacial phases and aeolian deposits interbedded with glacial and glacial stream deposits, which may have accumulated during relatively warm (temperate) phases. There are few carefully described and identified cool-climate aeolian deposits: the most convincing are those associated with the Permo-Carboniferous ice age.
In southern Australia, the upper Carboniferous Merrimelia Formation of the Cooper Basin consists of glacial tillites, outwash, glacial lakes deposits and aeolian sands (Williams & Wild 1984) . The aeolian sands form a thick (up to 232 m thick) succession of interbedded medium-to coarse-grained sandstones dominated by wind-ripple and sandflow lamination and are interbedded with outwash fan deposits (Williams et al. 1987) . They resemble the late Quaternary coversand deposits of northern Eurasia, formed on outwash plains and dominated by small dunes and sand sheets. Although the Cooper basin was at .508S latitude in the earliest Permian and there are tundra soils developed in south Australia just before (Retallack 1999) , no structures such as sand wedges or structureless layers that can be directly related to snow and ice were described from the Merrimelia Formation (Williams et al. 1987) . In Saudi Arabia, the lower Permian Unayzah B Formation consists of glacial sediments including deformed push moraines, subaqueous outwash fans and laminites (varved shales) overlain by fine-grained red-beds with intercalated fluvial and aeolian sandstones (Al-Laboun 1987) , the latter identified by the lamination types. Again, there are no specific diagnostic cold-climate features and the aeolian sandstones could be part of a warmclimate post-glacial erg, especially as it passes up into thick tropical carbonates.
Some of the Ordovician sandstones associated with the Saharan glaciation could be aeolian but these have not been investigated in enough detail, although this is changing with modern oil exploration (Le Heron et al. 2010) . It is, however, hard enough to interpret the so-called tillites as glacial deposits ( personal observations in Mauritania to southern Algeria). A number of Proterozoic aeolian sandstones have been described (Stewart 2005 ) but these do not have any cold-climate characteristics and their occurrence during the wild climatic swings of the 'Snowball Earth' may make it difficult to identify cold-climate examples (Hoffman et al. 1998) . Fossil biotas would be of no help in the pre-Silurian.
Curiously, the best established ancient coolclimate aeolian deposits are on Mars, and they are certainly the oldest being probably at least 3.5 billion years old (Fig. 17) .
Conclusions
Aeolian sandstones can now be easily distinguished from fluvial sandstones by the detailed structure of their layering. Recognizing cool-climate aeolian sandstones requires identification of ice-and snowrelated structures such as ice-(now sand-) wedges, structureless sand layers (formed by melting of snow/sand mixtures) and interbedding with other cool-climate sedimentary facies such as tillites, outwash and glacial lake deposits (although the latter can also be difficult to identify in ancient deposits). The few described pre-Quaternary coolclimate aeolian sandstones are not entirely convincing given that cool-climate structures can form in winters in temperate climates, that rapid climatic 
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